Abstract.-Experiments were designed with the aim of understanding the mechanism whereby the lambda repressor inhibits messenger RNA synthesis. Complexes containing lambda DNA and RNA polymerase were isolated from repressed and derepressed lysogens and analyzed for the relative amounts of RNA polymerase per phage genome. The data indicate that the repressor inhibits the binding of RNA polymerase to promoter sites known to be under direct control of the repressor.
Jacob and M\1onod1 have postulated that repressor acts at the level of mRNA2 synthesis by binding to DNA at a specific operator site, thereby inhibiting transcription of the operon. Support for this model has been found in subsequent studies which demonstrated (a) that the rate of specific mRNA synthesis is greatly increased by inactivation of the repressor in cells lysogenic for bacteriophage lambda,3' 4or by the addition of inducer for the lac operon;5 and (b) that purified repressor will bind to DNA in both the lambda system6 and the lac system.7' 8 Neither type of evidence, however, has explained precisely how repressor acts to block RNA synthesis.
Recent biological studies indicate that only certain "early genes" to the immediate left and right of the lambda immunity (CI) region are directly controlled by the repressor.9-11 As shown in Figure 1 , these genes include N and the x-O region. The C1 region1 (which codes for the repressor) and rex1 are expressed constitutively in lysogenic cells, both by the prophage and by superinfecting homoimmune X-phage.
This investigation focuses directly on the mechanism of action of the lambda repressor. As a first approach, we have attempted to resolve the question of whether the repressor interferes with the binding of RNA polymerase to X DNA. Phage preparation: Unlabeled phage for the isolation of DNA were prepared as previously described.4 P32-labeled phage were prepared by ultraviolet (UV) or heat induction of lysogens grown in K-low PO4.18 p32 (10 ,uCi/ml) was added at the time of heat induction, or 30 min after UV treatment. Phages were purified by two cycles of low-and high-speed centrifugation, followed by sedimentation for 90 min at 23,000 rpm in a 10-30% sucrose gradient (SW25.3 head). Of the p32 in these preparations, 80-90% was in phage DNA.
DNA: Isolation of phage and E. coli DNA for hybrid analysis was previously described.4 Salmon sperm DNA was obtained commercially from Calbiochem. When necessary, DNA was sonicated by four 30-sec bursts by using a sonifier produced by Heat Systems Co. Sonicated DNA sedimented at 10 to 20S.
Isolation of DNA-RNA polymerase complexes: Cultures of W3110 (Xuan) were grown at 320C in K medium4 to a concentration of 2 X 108/ml and infected with P32-labeled Xu32 (moi = 3). Cells were incubated for an additional 25 min at 320C, at which time chloramphenicol (100 Mg/ml) was added to block phage protein synthesis. Five 200 Mg/ml each of ATP, GTP, and CTP, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ,MCi/ml of H3-UTP (spec. act. = 12 Ci/mmole), and various concentrations of KCl, as noted in the legends. Sucrose (approximately 13%) and EDTA (6 X 10-4 M) were also present because of the sucrose gradient step in the isolation of complexes. Reactions were stopped with 10% TCA with 50
SOg of BSA added as a carrier. VOL. 64, 1969 Preparation of RNA for hybrid analysis: RNA was synthesized as described above, but the reaction was stopped by the addition of phenol saturated with 0.05 M acetate buffer (pH 5.2.) RNA was extracted three times with l)henol and once with chloroform to remove phenol. Nucleotides and salts were removed by passage over a Sephadex G-15 column equilibrated with 2 X SSC. 2 Hybridization: Hybridization was performed as described by Gillespie and Spiegelman.24 RNA samples were hybridized sequentially with three different filters in each assay to obtain maximum hybridization. Filters contained an excess of DNA (20 ,g per filter).
Results.-Properties of DNA-RNA polymerase complexes: Complexes of closed circular X DNA and RNA polymerase were isolated from repressed and heat-derepressed cultures of W3110 (XU32) which were infected with XU32 (see Materials and Methods). We shall refer to these as "repressed complexes" and "derepressed complexes," respectively. In the presence of i\ig++, ATP, CTP, GTP, and UTP, these complexes synthesize RNA which hybridizes with X DNA but not with E. coli DNA.22 23 Derepressed (early) complexes synthesize six to eight times more RNA per unit of DNA than do repressed complexes (Table 1) . Complexes isolated from a heated culture of W31 10 (XCI+) had the same specific activity as repressed complexes. 23 The increased specific activity of the derepressed complex appears then to be a consequence of the heat inactivation of the XU32 repressor.
The lower level of RNA synthesis found in the repressed complex is apparently a consequence of the amount of bound RNA polymerase rather than the result of repressor action in vitro. This conclusion is based upon evidence which will be described in the Discussion section.
Models for repressor action: Genetic evidence shows that the site of repressor binding (operator) and the site of RNA polymerase binding (promoter) for the lac operon are separable but very closely linked.26 Operator and promoter sites also appear to be closely linked in the lambda genome.11 27 However, these findings do not indicate whether the repressor inhibits the binding of RNA polymerase. Three models can be considered:
(1) Repressor allows polymerase to bind to the DNA but prevents initiation of transcription.
(2) Repressor permits binding of polymerase and limited synthesis (perhaps a few nucleotides) but prevents continued reading along the DNA. The first model was tested by treating repressed complexes with rifampicin to inactivate any uninitiated polymerase bound to the DNA. As can be seen in Table 2 , this treatment has no effect on the activity of these complexes, at rifampicin concentrations up to 120 /Ag/ml. (Purified E. coli RNA polymerase bound to X DNA in vitro was reduced to less than 1 per cent of normal activity by treatment with 1 ,ug/ml rifampicin.) It is concluded, therefore, that all polymerase bound to repressed complexes has already initiated transcription within the cell. No evidence for such initiated polymerase could be found, however. As shown in Table 3 , complexes isolated from rifampicin-treated lysogens demonstrate negligible RNA polymerase activity (approximately 5%O of the activity of complexes isolated from untreated cells). Furthermore, activity was not significantly increased by preheating the complex at 450C to inactivate any repressor which might be present or by running the reaction at the elevated temperature ( Table 3) . The above experiments provide strong evidence against models 1 and 2 and suggest that the lambda repressor inhibits the binding of RNA polymerase to X DNA. V!OL. 64, 1969 Test of model 3: Repressed and derepressed cultures were treated with rifampicin in vivo, allowing polymerase to bind to available promoter sites on the DNA but preventing it from initiating transcription. If repressor blocks polymerase binding, derepressed complexes isolated from these cells should contain more polymerase molecules than similarly prepared repressed complexes. As shown above, such complexes exhibit very low polymerase activity due to the inactivation of the enzyme by rifampicin. It was found, however, that activity could be recovered by incubating these complexes at 320C, allowing rifampicin to dissociate from the polymerase molecules. (Activity can also be recovered, but much more slowly, by incubation at 00C.) Maximal activity (78% of the control) was recovered after approximately 36 hours at 320C (Fig. 2) , and the complexes remained stable at this plateau level for at least 36 more hours. Repressed complexes isolated from untreated cells showed no loss of activity during the entire 72-hour incubation. Derepressed rifampicin complexes had 2.3 times the activity of repressed rifampicin complexes per unit of DNA after maximal recovery was attained (Fig. 2) Hybrid analysis of RNA synthesized by reactivated complexes isolated from repressed and derepressed rifampicin-treated cells: The lambda repressor appears to act at two sites, viv3 and v2,27 controlling genes immediately to the left and right of the CI region.9-" If repressor blocks the binding of RNA polymerase to DNA, it would be expected that complexes isolated from derepressed rifampicintreated cells would have polymerase bound to promoter sites in these early regions, while repressed complexes would not. RNA synthesized by repressed and derepressed complexes was thus tested by hybrid analysis to determine which regions were being transcribed in vitro, after rifampicin was allowed to dissociate from the polymerase molecules.
It is possible to identify RNA made from three different regions (see Fig. 1 ) by comparing the hybridization of the RNA to X DNA, and to Ximm434 and Ximm21 DNA, which contain regions of nonhomology with X.11, 16 Region I RNA, which hybridizes with X DNA but not with Ximm434 DNA, includes genes which are constitutive in the repressed cell (CI and rex) plus a small portion of the early region (x and part of N). RNA from region II will hybridize with Ximm434 DNA but not with Ximm21 DNA, and represents early genes (y, C11, and most of N) adjacent to the immunity region. Region III includes the remaining 90 per cent of the X genome and represents that RNA which will hybridize with Ximm2' DNA.
Results of the hybrid analysis of repressed and derepressed RNA with the three types of DNA described above, and with salmon sperm DNA, are shown in Table 4A . Salmon sperm DNA is included as a heterologous control. Complexes were reactivated by incubation for 40 hours at 320C in the presence of a greater than 1000-fold excess of sonicated salmon sperm DNA. Any polymerase which dissociated during this incubation period or during the polymerase reaction would preferentially bind to the added template and transcribe it. As can be seen, however, little (if any) RNA is synthesized from the salmon sperm DNA.
The distribution of repressed and derepressed RNA among the three test regions is shown in Table 4B . Nearly 50 per cent of the RNA synthesized by derepressed complexes is made from the early region (region II), as compared with 6 per cent for the repressed complexes. Numbers in parentheses are corrected for the higher rate of RNA synthesis by derepressed complexes. This provides a direct comparison of the amount of RNA synthesized from each region by the repressed and derepressed complexes. Derepressed complexes synthesize nearly 18 times more RNA from region II than do repressed complexes, while synthesis of RNA from regions I and III is approximately the same for both complexes. Fig. 2) . RNA was synthesized in a 10-min reaction by using 40 ,&Ci/ml H3-UTP and 0.1 M KC1. * See Fig. 1 for test regions on the lambda genome. t Corrected as described in text.
Discussion.-The results presented in this paper provide strong evidence that the lambda repressor inhibits the binding of RNA polymerase to promoter sites used for the transcription of region II (see Fig. 1 ). We describe experiments which rule out models in which the repressor permits polymerase binding to X DNA, either in an initiated or an uninitiated state. A direct analysis of the relative amount of RNA pilymerase bound to promoter sites indicates that there is 2.2 to 2.6 times more polymerase per lambda genome after heat inactivation of the repressor. This increased activity was shown to be due to the binding of RNA polymerase to promoter sites known from other studies9-11 to be under the direct control of the lambda repressor.
Conclusions drawn from the above experiments depend upon evidence (to be described in detail23) that the lambda repressor exerts no detectable influence on polymerase activity in purified preparations of DNA-RNA polymerase complex. No preferential stimulation of the activity of repressed complex (as compared with derepressed complex) was observed after incubation at high temperature in vitro to inactivate repressor or with the addition of salt to dissociate repressor. Hybrid and sedimentation analyses of the RNA synthesized by repressed complexes indicate that polymnerase does not terminate after transcribing the C1 region but that it continues to read into the early region without reinitiation. The majority of RNA made in a 30 minute reaction has a molecular weight of 1 to 3 million daltons. (RNA from the C1 region would have a molecular weight of approximately 300,000 daltons). I', 14, 25 Finally, the similar kinetics of RNA chain growth for repressed and derepressed complexes provide evidence against the presence of repressor in the preparations. We would not expect that there would be a significant concentration of repressor on the basis of estimated dissociation constants. If no repressor dissociates from the complex during the 13 hour sucrose gradient step, one would expect two repressor molecules to be bound to each lambda genome. Thus the concentration of repressor in our preparations would be no greater than 2 X 10-15 M. When this level is compared with the estimated dissociation constants for the lambda repressor (10-10 M)6 and the lac repressor (10-13 M),30 it is apparent that only a small fraction of the repressor molecules in these preparations would remain bound to the DNA. At equilibrium, repressor would be bound to only 0.002 or 2 per cent of the repressor binding sites (for KD = 10-10Al and 10-13 A, respectively), and thus it should not significantly affect polymerase activity in our experiments.
Derepressed complexes isolated from cells without rifampicin treatment demonstrated a 3-fold higher specific activity than do derepressed complexes from rifampicin-treated cells. Since rifampicin blocks transcription at the initiation step, this difference suggests that approximately three polymerase molecules are bound per operon during early transcription in vivo. A similar observation has bees reported for the trp operon of E. coli with a totally different, ainalysis. 3' 32 . It may be of interest that a large fraction (37%76) of the RNA synthesized by the repressed complex was transcribed from region III, which is outside the constitutive lambda immunity region. The absolute amount of this RNA per lambda genome was the same for both the repressed and derepressed complexes. 
